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Abstract 
Electric public bus scheduling problem is studied for the service in Chulalongkorn university campus. This paper presents an 
integrated bus scheduling simulation combined with options of energy storage system with the target to minimize the wait time. 
The bus system is simulated by Arena software for the bus scheduling. The solution dictates the change of the bus schedule; the 
resulting change of wait time is then observed. Lead-acid equipped with supercapacitor and lithium-ion batteries were compared in 
this study to exhibit the improved performance. The supercapacitor hybrid and lithium-ion battery provides an improvement of 14% 
and 45.7% in discharge energy, respectively. The supercapacitor hybrid was shown to reduce battery stress as well as improved 
driving dynamics. The optimized lead-acid case can reduce the waiting time significantly and at the similar level to the 
supercapacitor hybrid. With much higher cost, the lithium-ion battery reduce the waiting time the most by 25% due to its superior 
energy efficiency as well as shorter charging period.  
 
© 2014 The Authors. Published by Elsevier Ltd.  
Selection and/or peer-review under responsibility of ICAE 
Keywords: Electric bus; battery; supercapacitor; public transportation; simulation 
1. Introduction 
     Nowadays the global warming and the world energy crisis have brought up the interest in automobile field. Among 
alternative modes of transportation, electric public buses become the new trends for urban transportation. There are 
several studies focused on bus operation, fleet assignment and optimization [1-4]. Classical approaches for 
optimization of vehicle scheduling problems seemed inappropriate. In order to simulate with uncertainty in the 
passenger demand, the real transportation problems can be improved using the model simulation [5]. Some authors 
considered passenger experiences and simulated in the Arena environment [6-8]. In addition, the energy storage 
system is crucial, especially for electric vehicle operations. Due to the limitations of the low cost lead-acid battery, 
previous study attempted lithium-ion battery as well as supercapacitor hybrid battery [9-12] with mixed results.   
 Since 2005, Chulalongkorn University operates the electric shuttle buses to reduce the pollutions inside the 
campus. The limited fleet size and capacity of the buses make it difficult to meet the ever-growing passenger demand. 
The bus scheduling also rely on the trial and error approach based on experience. The limitation of the battery also 
leads to a short drive cycle. As a result, passengers have long wait time, especially during rush hours.  The objective of 
this study is two-fold. The first is to optimize the bus scheduling such that wait time is minimized. The second is to 
study two alternatives in energy storage systems on the optimized bus schedule and the resulting wait time. The 
simulation will be performed via Arena simulation software to obtain better wait time with the same fleet size.     
2. Bus Operation Description 
The present work focused on one of the four bus lines, bus #3. The bus model is a 4-ton battery electric bus with 20  
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seats capacity. The bus operates on a set of 24 deep-cycle lead-acid batteries. Routes and bus scheduling are based on 
the fleet size of 3 buses set up (Fig.1) to transport the students and university population between departments during 
the weekdays. An important part of the electric bus schedule is the bus charging period. Once left the depot, during the 
service, when the battery voltage drops until the cut-off voltage, bus driver must decide and go to the depot to charge 
the battery until it is full. This process takes 1 hour 25 minutes approximately for lead-acid battery. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. the appearance of the electric bus and the bus route inside the Chulalongkorn University 
3. Simulation Model Description 
The simulation model is made up of a series of modules dedicated to: the acquisition of requests to be evaluated 
and carried out, the movement of bus and passengers, the monitoring of possible delays that actually occur while the 
simulation runs. During the simulation, a set of performance indicators is calculated to evaluate the robustness of the 
schedule produced by the Heuristics in response to disturbing elements introduced in the simulation.   
3.1 Simulation Modules 
x Schedule Module: The bus schedule was gathered from bus carrier. These schedules were inserted in the block 
diagram with mixed bus schedule each day to calculate passenger arrival rates.  
x Queue Module: This module generates the waiting time and passenger arrival rate at each bus stop. For the weight 
percentage of passenger waiting at each stop, three persons were allocated to collect the number of passengers 
waiting in queue at the bus stop for two hours daily, one hour of rush hour and one hour of normal hour.  
x Bus Movement Module: This module described the movement of the buses through various stops starting from 
depot to other stations included the bus activities such as pickup, drop off, boarding and waiting for the passenger. 
In addition, bus charging module is included. 
3.2 Simulation and Model Validation 
In this simulation model, the average velocity profile and the battery charging duration were obtained from the 
experiment in Section 4. The following assumptions were made to simplify the simulation process: 
x The demand is uniformly distributed within each station and over time on isolated stations. 
x Arrival of the bus at the seven stations is sequenced; Bus layover time and external costs are negligible 
x Boarding into bus is simplified to take 10 second per one passenger 
The model validation was performed by comparing the cumulative numbers of passengers and the waiting time are 
validated with the real system behavior and show good consistency at high confidence interval. 
4. Experiments 
The experiment consists of two parts; gathering a representative driving cycle and evaluating alternative energy 
storage systems. The results will be included in the bus scheduling simulation. 
4.1 Driving Cycle Characteristics 
The driver operates the bus following the regular route and obtained the data of voltage and current measured from 
the batteries and velocity profile by using Kayaba® drive-recorder and GPS (Fig.2). The goal of this test is to gather 
the power provided by batteries and use the profile with electric load to discharge the lab-scaled battery packs. The 
obtained driving cycles will be scaled down and trimmed to stays within the limitation of the electronic load. The 
profile will be employed with electric load to discharge the lab-scaled battery packs. 
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Fig. 2. (a) Velocity trajectory and (b) Power load profile on the representative cycle 
4.2 Energy storage systems 
For the present study, the lead-acid battery is considered the base-line energy storage system. Two alternatives will 
be explored namely, lead-acid battery/supercapacitor hybrid and lithium-ion battery. The energy storage system 
parameters are summarized in Table 1.   
Table 1. Parameters of the energy storage options 
 Lead-acid Battery  Supercapacitor  Lithium-ion Battery 
Battery characteristics 130 Ah, 12.8 V, 35.2 kg. 16.2 VDC, 250 F, 1.68 kg. 100 Ah, 12.8 V (4 cells), 13.6 kg. 
Nominal Energy density 40 Wh/kg 5.4 Wh/kg 110 Wh/kg 
Stored Energy 1.408 kWh per unit 1.52 kWh per unit 1.496 kWh per unit 
 
For the lab scale, the electronic load on a test-bench draw power from the three set of energy storages (Fig.3) based 
on a representative driving cycle. A dedicated data acquisition system supplied by National Instrument was employed 
to monitor the voltage and current signals from energy storage systems. 
4.3 Experimental Results 
Compared to the base-line lead-acid battery, Table 2 showed that the supercapacitor hybrid provides an 
improvement of 15.5% in discharge duration and 14% in discharge energy. For the lithium-ion, even with the same 
nominal energy capacity as the lead-acid battery (see Table 1), the discharge duration is extended by 69.6% with over 
45.7% increase in discharge energy. This is due to a lower internal resistance and a slightly lower cut-off voltage. 
Although with lesser improvement compared to the lithium-ion, the supercapacitor hybrid was shown to reduce 
battery stress in lead-acid battery as well as improved driving dynamics.  
Table 2. Discharge comparison between the three types of energy storage  
 Lead-acid Battery  Lead-acid/Supercapacitor hybrid Lithium-ion Battery 
Cut-off voltage 10.52 V 10.52 V 10.10 V. 
Discharged duration 4 Hours 30 Minutes 5 Hours 12 Minutes 7 Hours 38 Minutes 
Total discharged energy 64.1 Ah 73.2 Ah 93.4 Ah 
5. Results 
The simulation model was run for 1 day and 5 replications. Started from the base case, as optimized from the 
simulation, the charging schedule (Figure 3) stays at 6 periods but the periods are shifted to improve the wait time. 
With the improved energy efficiency of the supercapacitor hybrid and lithium-ion, the charging periods are reduced 
from 6 to 4 and 3 respectively. This reduction and rearrangement of the charging periods resulted in the improved wait 
time as suggested in Table 3. 
Table 3 shows the results of average passenger waiting time from simulation model during rush hours. The two-
sample T-test distribution was used to check the results with the based case model. The optimized lead-acid case can 
reduce the waiting time significantly and at the similar level to the supercapacitor hybrid but cannot reduce the 
charging frequency. With much higher cost, the lithium-ion battery reduces the waiting time by almost 25% due to its 
superior energy efficiency as well as shorter charging period (30 mins). The P-values obtained from statistical test 
(0.007 and 0.001 for supercapacitor hybrid and lithium-ion) indicate that the waiting time of the based case schedule is 
significantly longer than the optimized lead-acid battery, lead-acid battery with supercapacitor and lithium-ion battery 
schedule by using the same fleet size. 
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Fig. 3. Bus charging time schedules for three types of energy storage 
Table 3. Waiting time in the system during rush hour and P-values from paired T-test comparison compared to based case schedule  
 Lead-acid (Base case) Lead-acid (Optimized) Lead-acid/Supercapacitor  Lithium Battery  
Waiting Time  13.52 mins 11.26 mins 11.08 mins 10.18 mins 
% Reduction  16.71% 18.05% 24.70% 
6. Conclusion 
The electric bus transit scheduling was optimized using actual data from the bus service in Chulalongkorn 
university campus in order to reduce passenger waiting time during rush hours. Energy storage system and fleet 
management both affect the bus service. The optimized schedule from the simulation can reduce the waiting time 
significantly. The use of supercapacitor hybrid and lithium-ion battery incrementally improve the waiting time with 
increased cost factor.  
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